All relevant data are within the paper and its Supporting Information files. All APT files are available in figshare (<https://figshare.com/s/f5b51f3839cd0d3564dc>).

Introduction {#sec001}
============

Penetration of Ga at grain boundaries in pure-Al and Al-based alloys is a well-known problem. It indeed has highly detrimental consequences, such as liquid metal embrittlement, causing inter-granular brittle fracture of these materials \[[@pone.0231179.ref001]\]. This creates issues when it comes down to analyzing aluminum samples by transmission electron microscopy and atom probe tomography (APT), for which specimen preparation is increasingly performed via Ga-beam based focused ion beam (FIB) milling. APT allows to investigate the chemical effects in materials at the atomic scale. It is of high relevance when it comes to the analysis of impurities and solute segregation at grain boundaries for example, since they can, even in trace concentrations, have tremendous effects on grain growth, mechanical properties, or possible grain boundary precipitation for instance \[[@pone.0231179.ref002]--[@pone.0231179.ref004]\]. APT is thus an appointed technique. However, high quality analyses require a high quality of sample preparation, in order to avoid introducing artefacts in the specimen. Nowadays, APT sample preparation benefits from advanced protocols using FIB---scanning electron microscopes (SEM), that allow to perform site-specific lift-outs, and target desired features, such as grain boundaries or precipitates, with a high efficiency \[[@pone.0231179.ref005]\]. The lifted out specimens are then sharpened in the shape of a needle with an end radius in the range of 50--150nm. Conventional FIB machines use a Ga-ion source for the milling part. Although this technique is adequate for the study of most materials, it cannot be easily applied for the study of aluminum and its alloys: analyses of the grain boundaries composition, and investigation of potential Ga traces there, but also at other defects such as dislocations, is affected by Ga-ions implantation and diffusion due to the FIB preparation \[[@pone.0231179.ref006]--[@pone.0231179.ref010]\]. Existing alternatives include electropolishing, but this technique is not site specific, or FIB preparation using a Xe+ ion beam \[[@pone.0231179.ref010]--[@pone.0231179.ref012]\]. The last technique has shown a great efficiency, but such instruments are not widely available.

Accounting for the fact that Ga diffusion at the grain boundary happens when Ga is in its liquid form, we propose in the present study to investigate the Ga-ion FIB preparation for grain boundaries in Al-alloys samples at cryogenic temperatures. The same principle recently proved successful in limiting hydrogen ingress during FIB-specimen preparation of commercially pure Ti \[[@pone.0231179.ref013]\]. Our results show that going down to cryogenic temperature allows to remove the grain boundary diffusion of Ga, and therefore to produce clean specimen for APT analyses.

Materials and methods {#sec002}
=====================

The APT specimens were taken from the mechanically polished surface of a commercial 6016 aluminum alloy. First, a lamella at a grain boundary was prepared following a site-specific liftout procedure described elsewhere using a commercial microtip coupon as a support \[[@pone.0231179.ref005]\]. Sharpening of the APT specimen was performed on a FEI Helios 600 dual-beam scanning electron microscope/focused-ion beam (SEM/FIB) using a Ga ion source. Two different setups were used: first, sharpening was done using a conventional FIB stage, at room temperature (293K). Second, sharpening was done with the coupon mounted on a commercial cryo stage (Gatan C1001). A home-designed holder was used to hold the mounted coupon at 52° from the stage, i.e. directly aligned with the Ga-beam. The stage was cooled down by a continuous N~2~ flow, ensuring a stable temperature of 82K during milling. After sharpening, the specimens were warmed up to room temperature within approx. 15min. In both cases, an acceleration voltage of 30kV was used, and the currents used during sharpening were 0.28nA for an inner diameter above or equal to 1 micron, 93pA for diameters below 1 micron and down to 0.5 micron, and 48pA for diameters below 0.5 micron. A final cleaning step at low voltage (5kV, 47pA) was finally performed to remove the material likely affected by implantation damage. Specimen were then transferred in the air at room temperature to the Cameca LEAP 5000XR. Analyses were performed at 80K, in voltage pulse mode, with a pulse fraction of 20%, a pulse rate between 50kHz and 100kHz, and a target detection rate of 0.5%. The temperature for the analysis was chosen to maximize the yield \[[@pone.0231179.ref014]\]. Data analyses were performed with the IVAS software. The reconstructions were calibrated using crystallographic poles using the protocol outlined in \[[@pone.0231179.ref015]\]. Detector maps were recalculated using the information extracted from the epos using routines coded in Matlab.

Results {#sec003}
=======

First, a specimen prepared at room temperature is analyzed. The analyzed volume displays a region that contains a high density of Ga, almost perpendicular to the needle axis, as shown in the reconstruction displayed in [Fig 1A](#pone.0231179.g001){ref-type="fig"}. Only part of the reconstruction is displayed here. This region has been calibrated using the plane interspacing distances, and Al planes are indeed evidenced in the upper part of the reconstruction. Below the Ga-rich region (dense band of red points, corresponding to Ga ions), one can see that the reconstruction changes: the planes are no longer visible. The point density appears higher, owing to a different evaporation field which can be related to the change in crystallographic orientation as well as the change in the field evaporation behavior associated to the high Ga content \[[@pone.0231179.ref016]\]. Detector maps are displayed for the upper part of the reconstruction in [Fig 1B](#pone.0231179.g001){ref-type="fig"}, and for the lower part in [Fig 1C](#pone.0231179.g001){ref-type="fig"}. For an easier readability, the poles observed for the upper part are reported on the lower evaporation histogram as red dashed circles. Although fracture of the specimen occurred soon after the Ga dense region, leading to an evaporation histogram of lower quality for the bottom part, some poles are still observed in [Fig 1C](#pone.0231179.g001){ref-type="fig"}. As highlighted by the red dashed circles, it appears that there is a shift of the position of the main poles in [Fig 1B](#pone.0231179.g001){ref-type="fig"}. This is an indication that the upper and lower parts, on either side of the Ga-rich region, have different crystallographic orientation, and this information suggest that the dense Ga region corresponds to a grain boundary. This region also seems to have a lower density when looking at the Al in [Fig 1A](#pone.0231179.g001){ref-type="fig"}. This is likely related to the field evaporation behavior that is modified by the combination of a grain boundary \[[@pone.0231179.ref017]\] and the local presence of the high amount of Ga that seems to exhibit a low evaporation field and hence evaporated in a burst and led to significant distortions as can be observed for very low evaporation fields particles \[[@pone.0231179.ref018]\]. Specimen failure in the vicinity or at the grain boundary itself occurred in several datasets, and can likely be attributed to Ga-induced embrittlement. A composition profile is plotted across the grain boundary (for the region displayed in [Fig 1A](#pone.0231179.g001){ref-type="fig"}) and is given in [Fig 1C](#pone.0231179.g001){ref-type="fig"}. It shows a clear Ga enrichment at the grain boundary, reaching values above 15 at.%, along with a depletion of Al.

![Atom probe analysis of a grain boundary in a sample prepared at room temperature.\
(a) Part of the APT reconstruction of the specimen prepared by conventional FIB at room temperature. Atomic planes are visualized in grain 1 (top), and disappear in grain 2. Al atoms are represented as blue dots, and Ga atoms as red circles. (b) XY evaporation histogram of the detector showing crystallographic poles for grain 1. (c) XY evaporation histogram of the detector showing crystallographic poles for grain 2. The poles of grain 1 are reported on this histogram as red dashed circles for an easier readability. (d) Composition profile for Al and Ga across the grain boundary. Error bars are shown as lines filled with colour and correspond to the 2σ counting error.](pone.0231179.g001){#pone.0231179.g001}

Such an accumulation of Ga has previously been reported to pertaining to microstructural features such as dislocations or grain boundaries \[[@pone.0231179.ref007],[@pone.0231179.ref010],[@pone.0231179.ref019]\]. Here, our results suggest that the characterized feature corresponds to the grain boundary that we targeted during the preparation of the specimen. This explains the drastic planar Ga-enrichment. The fracture of the specimen soon after is also in line with embrittlement of grain boundaries caused by the Ga-indiffusion.

A specimen prepared by cryo-Ga FIB was then analyzed. A part of the reconstruction, featuring two grains, is presented in [Fig 2A](#pone.0231179.g002){ref-type="fig"}. Planes are evidenced for the upper grain (grain 1), and then disappear approximately at the pink dashed line (guide for the eyes), which corresponds to the orientation difference between grain 1 and grain 2. To ensure that two grains are indeed analyzed in the reconstruction, crystallographic analyses were performed. The APT dataset is sliced into bins of a million ions, and for each slice, the corresponding detector hit map was plotted. The results, shown in [Fig 2B and 2C](#pone.0231179.g002){ref-type="fig"}, evidence a change of crystallographic orientation, confirming the presence of two grains and subsequently of a grain boundary. A composition profile across the grain boundary, going from grain 1 to grain 2 (in [Fig 2A](#pone.0231179.g002){ref-type="fig"}) is then calculated. This time, no Ga segregation is evidenced there.

![Atom probe analysis of a grain boundary in a sample prepared at cryogenic temperature.\
(a) part of the APT reconstruction of the specimen prepared by cryo-FIB. Atomic planes are evidenced above the pink dashed line, corresponding to grain 1, and disappear below the line, corresponding to grain 2. Al atoms are represented as blue dots, and Ga atoms as red circles. (b) and (c) XY evaporation histogram of the detector showing crystallographic poles for grain 1 and grain 2, respectively. (d) Composition profile for Al and Ga across the grain boundary, along the black arrow in (a). Error bars are shown as lines filled with colour and correspond to the 2σ counting error. No Ga segregation is observed.](pone.0231179.g002){#pone.0231179.g002}

Discussion {#sec004}
==========

The diffusion of Ga at Al grain boundaries is a well-known problem that has dramatic consequences on Al-alloys mechanical properties \[[@pone.0231179.ref001]\]. Most studies suggest that the decrease of the interfacial energy, through the formation of a Ga film of a few atomic layers in thickness, is the driving force, but other hypotheses, such as the formation of intermetallic compounds, have also been proposed \[[@pone.0231179.ref020],[@pone.0231179.ref021]\], and the exact nature of the atomistic mechanism behind liquid-metal embrittlement remains debated in the community. Therefore, based on the grain boundary nature (high-angle or low-angle grain boundary, coincidence site lattice (CSL) boundaries), but also the applied stress, the speed of penetration of Ga changes \[[@pone.0231179.ref021]--[@pone.0231179.ref025]\]. Based on an in situ TEM study at room temperature, the penetration speed of Ga at grain boundaries varies between 0.01 to 12.2 μm.s^-1^ \[[@pone.0231179.ref022]\]. In this context though, the temperature was not measured but a reasonable estimate would be that the temperature under the beam is in the range of 298--323K, because of a possible temperature increase caused by the illumination by the electron beam. Although it is difficult to estimate the exact propagation speed of Ga along the grain boundary during room temperature milling, because of several unknown parameters such as the local stress or the nature of the grain boundary, as well as possible ion channeling, it is reasonable to consider that the entire grain boundary is affected by Ga during milling at room temperature. Indeed, milling times of well above a second are applied (typically in the order of a minute for the first steps, down to a few seconds in the last ones), and the initial sample before sharpening has a maximum width of about 3 μm, this value being reduced progressively as sharpening proceeds, leading to rather short diffusion distances to cover.

For the cryo-temperature experiment, the diffusion is much reduced. Indeed, based on the results of Peterson and Rothman, the diffusion coefficient of Ga in Al is $D\left( T \right) = 4.90.10^{- 5}exp\left( - \frac{\left( 122.34 \pm 0.59 \right)10^{3}}{RT} \right)$, with the pre-exponential D~0~ factor in m^2^.s^-1^ and the activation energy is expressed in J.mol^-1^ \[[@pone.0231179.ref026]\]. Calculation of the diffusion coefficient at room temperature and at cryogenic temperature (experimental temperature of 82K) leads to D(RT) = 5.57.10^−27^ m^2^.s^-1^ and D(cryo) = 5.70.10^−83^ m^2^s^-1^, respectively. This leads to diffusion distances in the range of less than a nanometer per minute at room temperature inside the grains, which can translate into over a nm per minute along grain boundaries. With specimen's sizes in the range of only 100nm, it is possible that Ga ends up covering a significant fraction of a GB located within an atom probe specimen.

At cryogenic temperature, even though the diffusion at grain boundaries is faster than in a single crystal, the difference in diffusion length of tens of orders of magnitude tend to confirm that the diffusion is likely almost stopped, even at grain boundaries. These results are in perfect agreement with the experimental results, suggesting that for cryo-preparation, the Ga diffusion distance is smaller than the sample thickness removed during the next step of the sharpening process. The Ga level measured there (0.25--0.5 at.%) is still higher than what can be expected for the commercial alloy. It is believed to originate from the sample preparation, as evidenced in the [S1 Fig](#pone.0231179.s001){ref-type="supplementary-material"}, which shows a contamination of Ga at the surface of the specimen, and a decrease of this content as the evaporation proceeds (see composition profile). A mass spectrum also shows that one isotope is predominantly obtained, reinforcing the hypothesis that the measured Ga comes from the FIB preparation. This does not impede the result that Ga does not segregate at the grain boundary.

The schematic in [Fig 3](#pone.0231179.g003){ref-type="fig"} summarizes the proposed consequences of room temperature and cryo preparation: Ga is implanted at the surface at each cut, with decreasing thickness due do the decreased current, but the milling provided by the new cut also removes the affected zone of the previous cut, hence cleaning the implantation. Diffusion is also observed at the GB. For cryo preparation, both Implantation and diffusion at GBs are reduced thanks to the low temperature, enabling efficient removal of the affected surface, and production of a sample without specific Ga implantation at the GBs.

![Schematic of the Al-Ga interaction during APT sample preparation for the two preparation routes.\
Schematic of the evolution of Ga implantation and diffusion at grain boundaries during sharpening of the APT sample, for conventional room temperature preparation (top) and for cryo preparation (bottom). The two grains are represented in light and dark blue, and the Ga affected zone in red.](pone.0231179.g003){#pone.0231179.g003}

The fact that the Ga composition does not increase specifically at the grain boundary, although the specimen was transferred at room temperature, suggests that cryo-transfer of the specimen is not required. Even in the present case where Ga contamination at the near-surface region occurred, and led to Ga diffusion in the specimen in the room-temperature transfer, it did not reach a critical level affecting the grain boundary. Therefore, cryo preparation allows for reliable data analyses, thanks to a removal of Ga at grain boundaries during sample preparation.

Conclusion {#sec005}
==========

The present study proposes a new preparation route for APT samples of aluminum and its alloys. To tackle the diffusion at grain boundaries of gallium, originating from the FIB preparation and degrading the quality of the analysis and the data, a Ga-FIB cryo-preparation protocol is suggested. Comparative APT experiments on a grain boundary of a commercial 6016 aluminum alloy show that the gallium composition at the grain boundary, above 15 at.% in the case of a room temperature Ga-FIB preparation, is reduced close to a very low level (fluctuating between 0.25 and 0.5 at.%) which does not increase at the grain boundary in the case of a cryo-FIB preparation. This new protocol, easy to implement on existing Ga FIBs, could therefore enable a much more efficient and cheaper way of preparing Al specimen by FIB techniques, unlocking current technological limitations for a better understanding of aluminum and its alloys.

Supporting information {#sec006}
======================

###### Ga implantation during milling for the cryo-prepared specimen.

\(a\) Atomic reconstruction and (b) composition profile along the arrow in (a) for the Gallium showing a composition gradient from the top of the specimen to the bottom. (c) Corresponding mass spectrum of the dataset, that was cut at 100 Da (no peaks are observed at larger Da). The inset shows a zoom of the region between 64 and 74 Da, with the 69Ga+ peak and a much smaller 71Ga+ peak. The little peak at 65 Da corresponds to Cu, which is a classical impurity found in low concentrations.

(PDF)

###### 

Click here for additional data file.
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**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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The following can be found, along with figures, in the file \"response to the reviewers\".

Reviewer \#1:

In this paper two atom probe Al alloy samples are compared, one prepared with a FIB at room temperature and one prepared with the FIB cooled to cryogenic conditions. This is usually accompanied with a large effort to do, especially when investigating grain boundaries where Ga is present, which is known to lead to bad yield in the atom probe experiment. It is stated that Ga has a smaller diffusion length at lower temperatures, which is also underlined with a calculation of the diffusion coefficient. And concluded that no enrichment for Ga at the grain boundary in the cryo prepared sample was obtained.

1\. However, in general the paper would profit from a better representation, that in the room temperature FIB sample the second grain was already measured (as for Figure 2 b)). In general a larger concentration of Ga does not necessarily ensure the existence of a grain boundary. A visual representation of the grain boundary with an iso surface of the Ga distribution in the sample, or a Ga XY evaporation diagram, would be benefitial. Further the verification that the second grain was measured would be benefitial, either with showing loss of crystal information from grain to grain via SDMs or showing the different orientation with the XY evaporation diagram as in Figure 2 b), the reviewer can hardly see a difference in the shown ROI from grain 1 to grain 2 in Figure 1, apart from the low density region in between with increased Ga concentration, followed by a higher density region.

This subsection of the paper displaying results for the specimen prepared at room temperature mostly aims at confirming the low yield and fracture problems encountered in Al-alloys prepared by room-temperature Ga-FIB, and already reported several times in the literature, as was already mentioned in the paper. We agree that the quality of Figure 1, displaying the supposed grain boundary, is somewhat lower than that of Figure 2. This is because, as the reviewer stated, the success rate is very low for atom probe analyses of Al specimen including grain boundaries after Ga-FIB preparation at room temperature.

To get this result, we analyzed a large number of specimens were prepared by site-specific lift-out at the grain boundary and early fracture of the specimens was systematically encountered. In comparison, all specimens prepared at cryogenic temperature yielded long datasets going through the grain boundary region. The specimen presented in Figure 1 is the only one that led to enough results that were indeed evidencing a large Ga increase. However, due to the fracture of the specimen soon after the supposed embrittled grain boundary, it was unfortunately impossible to get a XY evaporation histogram of good quality for the lower part. Still, a XY evaporation histogram for this part was added to the Figure 1. It is not as readable as the one of Grain 1, as fracture occurred However, some poles are visible. For an easier comparison, circles indicating the location of the poles in Grain 1 (upper grain) are reported on the XY evaporation histogram of Grain 2 (bottom grain), highlighting that there is no overlap, and therefore that the two domains have different crystallographic orientations.

New Figure 1:

Figure 1: Atom probe analysis of a grain boundary in a sample prepared at room temperature.

\(a\) Part of the APT reconstruction of the specimen prepared by conventional FIB at room temperature. Atomic planes are visualized in grain 1 (top), and disappear in grain 2. Al atoms are represented as blue dots, and Ga atoms as red circles. (b) XY evaporation histogram of the detector showing crystallographic poles for grain 1. (c) XY evaporation histogram of the detector showing crystallographic poles for grain 2. The poles of grain 1 are reported on this histogram as red dashed circles for an easier readability. (c) Composition profile for Al and Ga across the grain boundary. Error bars are shown as lines filled with colour and correspond to the 2σ counting error.

The text was also modified as follows:

"Detector maps are displayed for the upper part of the reconstruction in Figure 1b, and for the lower part in Figure 1c. For an easier readability, the poles observed for the upper part are reported on the lower evaporation histogram as red dashed circles. Although fracture of the specimen occurred soon after the Ga dense region, leading to an evaporation histogram of lower quality for the bottom part, some poles are still observed in Figure 1c. As highlighted by the red dashed circles, they do not overlap with the poles of Figure 1b. The upper and lower domains thus have different crystallographic orientation, and this information suggest that the dense Ga region corresponds to a grain boundary. This region also seems to have a lower density when looking at the Al in Figure 1a. This is likely related to the field evaporation behavior that is modified by the combination of a grain boundary (17) and the local presence of the high amount of Ga that seems to exhibit a low evaporation field and hence evaporated in a burst and led to significant distortions as can be observed for very low evaporation fields particles (18). Specimen failure in the vicinity or at the grain boundary itself occurred in several datasets, and can likely be attributed to Ga-induced embrittlement. A composition profile is plotted across the grain boundary (for the region displayed in Figure 1a) and is given in Figure 1c. It shows a clear Ga enrichment at the grain boundary, reaching values above 15 at.%, along with a depletion of Al.

Such an accumulation of Ga has previously been reported to pertaining to microstructural features such as dislocations or grain boundaries (7,10,16). Here, our results suggest that the characterized feature corresponds to the grain boundary that we targeted during the preparation of the specimen. This explains the drastic planar Ga-enrichment. The fracture of the specimen soon after is also in line with embrittlement of grain boundaries caused by the Ga-indiffusion."

2\. The behavior of Si at the boundary is described as increased at the boundary from almost 0% to 1.5 at.% the boundary, which is rather unexpected to the reviewer. Usually the Si content is in the order of 1 at.% in general in the alloy 6016. Further, Si is known to be seen to be present with a higher density in the reconstruction at the (111) pole. This pole is also seen on the XY evaporation diagram. In Figure 1 it is not indicated where the ROI was taken from, therefore if the (111) pole is presented, this could cause an increase of Si in the chosen ROI and potentially influence the evaluation of seen Si increase. However, the reviewer would rather expect that the boundary influences the behavior of Mg more, for both elements (Mg, Si) an evaluation as in Figure 1c would be good additional information. A scale for Figure 1a and Figure 2a would also be benefitial.

The authors double-checked the mentioned composition profile and apologize, as, indeed, the one presented was calculated close to a pole (since it was extracted from the displayed atomic reconstruction, which is done at a crystallographic pole), where a stronger density of Si was observed. This resulted in the observed segregation of Si, which would be unexpected as suggested by the reviewer. This issue related to the detection of Si at poles in Al is a common problem which can be related to surface diffusion during the field evaporation process (see B. Gault, F. Danoix, K. Hoummada, D. Mangelinck, H. Leitner, Impact of directional walk on atom probe microanalysis, Ultramicroscopy. 113 (2012) 182--191. doi:10.1016/j.ultramic.2011.06.005) or to species-specific trajectory aberrations that lead to a lower detection of Al-locally (see E.A. Marquis, F. Vurpillot, Chromatic aberrations in the field evaporation behavior of small precipitates., Microsc. Microanal. 14 (2008) 561--570. doi:10.1017/S1431927608080793). Several additional composition profiles were calculated at other locations across the boundary, without evidencing segregation of Si, as, for instance, the composition profiles plotted below (Ga is in red, Si in grey and Mg in purple):

Similar contents of Ga segregated at the boundary (ranging between 8 and 17 at% depending on the place of the measurement) were however quantified. This high variation is believed to be due to the fracture that occurred soon after the grain boundary, and the upper range of about 15 at.% was kept for the manuscript (that states "reaching values above 15 at.%"). In our opinion, it makes sense to remain consistent keep the composition profile calculated at location corresponding reconstruction, the plotted composition profile was not modified, but the sentence on the increase of Si was removed.

Interestingly, no Mg segregation was observed, neither in the case of the specimen prepared at room temperature, nor in the case of the cryo-sharpened specimen.

Scale bars have been added.

3\. I cannot agree with the statement that \"Ga is reduced close to 0 at.% (comparable to the level of background)\" when comparing it to Figure 2d showing about 0.25 - 0.5 at.% Ga at average, which is clearly above usual background and in the order of the major alloying element concentrations (like Mg usually in the order of 0.4 at.% for 6016). Although Ga is present in industrial alloys, it only occurs in approx. two orders of magnitude less, which means that if there are Ga peaks present at this concentrations they are from FIB-implanted Ga.

Ga was detected in the specimen. Based on the isotopes found in the mass spectrum, it seems to originate from the milling step, as mostly one of the isotopes is detected. A figure is added in the supplementary materials showing the atomic reconstruction of the specimen, along with a composition profile of Ga showing a decrease from the surface of the tip to the bottom part. The mass spectrum (including a zoom in for the Ga peaks at 69 and 71 Da) is also provided:

Figure (supplementary materials): Ga implantation during milling for the cryo-prepared specimen.

\(a\) Atomic reconstruction and (b) composition profile for the Gallium showing a composition gradient from the top of the specimen to the bottom. (c) Corresponding mass spectrum of the dataset, that was cut at 100 Da (no peaks are observed at larger Da). The inset shows a zoom of the region between 64 and 74 Da, with the 69Ga+ peak and a much smaller 71Ga+ peak. The little peak at 65 Da corresponds to Cu, which is a classical impurity found in low concentrations.

Based on these results, it is believed that the Ga detected on the composition profile of Figure 2d comes from the sample preparation, which does not impede with the main result, being the absence of Ga segregation at the grain boundary.

The authors corrected the main text as follows:

In the discussion part:

"The Ga level measured there (0.25-0.5 at.%) is still higher than what can be expected for the commercial alloy. It is believed to originate from the sample preparation, as evidenced in the Figure 1 of the supplementary materials, which shows a contamination of Ga at the surface of the specimen, and a decrease of this content as the evaporation proceeds (see composition profile). A mass spectrum also shows that one isotope is predominantly obtained, reinforcing the hypothesis that the measured Ga comes from the FIB preparation. This does not impede the result that Ga does not segregate at the grain boundary."

In the conclusion:

"Comparative APT experiments on a grain boundary of a commercial 6016 aluminum alloy show that the gallium composition at the grain boundary, above 15 at.% in the case of a room temperature Ga-FIB preparation, is reduced close to a very low level (fluctuating between 0.25 and 0.5 at.%) which does not increase at the grain boundary in the case of a cryo-FIB preparation."

4\. The specimen was transfered at room temperature to the atom probe, which thwarths somehow the argument that the cooling prevented Ga diffusion to the boundary / at the boundary.

Here we must disagree with the reviewer. This is indeed a critical point: the room temperature transfer highlights the fact that cryo-transfer is not required on top of cryo-sharpening to obtain a specimen without Ga-contamination at the grain boundary. What matters most is the in-ward diffusion and associated accumulation of Ga during the preparation.

We agree with the reviewer with the previous comment on the composition of Ga in the composition profile of Figure 2d, that is not exactly at 0 at.% for Ga, but it shows a very low composition and no increase specifically at the grain boundary, although the specimen was transferred at room temperature. The likely Ga contamination in the near-surface region likely lead to some Ga penetrating inside the specimen, but even though Ga diffused during the transfer, since the room-temperature would allow for such a diffusion, it did not reach a critical level.

The following text was added to the discussion:

"The fact that the Ga composition does not increase specifically at the grain boundary, although the specimen was transferred at room temperature, suggests that cryo-transfer of the specimen is not required. Even in the present case where Ga contamination at the near-surface region occurred, and led to Ga diffusion in the specimen in the room-temperature transfer, it did not reach a critical level affecting the grain boundary."

Some minor comments:

5\. page 3: not \"tension of 30 keV\", \"acceleration voltage of 30 keV\"

This was modified.

6\. experiments are examined at a rather \"high\" temperature of 80

80K is not an untypical temperature to perform APT. In this case, because of the brittle nature of grain boundaries in Al-alloys, in particular when prepared with a Ga-FIB, we tried to maximise the yield. In APT, this is typically achieved by lowering the magnitude of the electrostatic field, as achieved by a higher base temperature (see L. Yao et al., Optimisation of specimen temperature and pulse fraction in atom probe microscopy experiments on a microalloyed steel, Ultramicroscopu. 111 (2011) 648-651). The following sentence was added in the materials and methods section:

"The temperature for the analysis was chosen to maximize the yield (14)."

7\. indicating the major poles of Figure 1b and Figure 2b,c would increase readability

The poles have been added.

8\. There seems to be a lower density region where high amounts of Ga are present (Figure 1a), which is somehow misleadingly formulated at the main text.

The text was modified as follows:

"This information suggest that the dense Ga region corresponds to a grain boundary. This region also seems to have a lower density when looking at the Al in Figure 1a. This is likely related to the field evaporation behavior that is modified by the combination of a grain boundary (17) and the local presence of the high amount of Ga that seems to exhibit a low evaporation field and hence evaporated in a burst and led to significant distortions as can be observed for very low evaporation fields particles (18)."

Reviewer \#2:

The work compares the preparation of APT samples using FIB at RT and cryogenic conditions. Ga induced via RT samples preparation often limits yield for APT measurements of Al, and the occurring strong Ga enrichment at grain boundaries is unbeneficial. The authors state that using cryogenic conditions avoids these common problems, which is interesting and surely a leap forward for site specific APT in Al alloys. Although the paper is well written, it would benefit from clearer visualization in some places:

1\. In Figure 1, it would be advantageous to show that there are two grains in some way. Compared to Figure 2, which demonstrates this (indexing the poles would be nice here), one may wonder why there is a low density area in one case and not in the other. Could the Ga segregation at GB's also depended on the GB-type? These problems (which can relate to data visualization) should be improved and discussed more intensively.

This question was already addressed in the answer to the reviewer 1's first point, and the Figure 1 was modified, by adding the histogram corresponding to Grain 2. The difference of segregation of Ga at the various types of GB is also briefly discussed in the paper, mostly at the beginning of the discussion.

minor issues:

2\. Fig.1a: please add a scale bar.

A scale bar was added.

3\. Fig.2a: please add a scale bar.

A scale bar was added.

4\. Fig.2d and conclusion: Ga is not close to 0 %. There is still significant Ga level which is far above the natural Ga occurrence in the alloy 6016. It is in question why this level does not accumulate at this grain boundary.

This topic has also been discussed in the answer to the Reviewer 1.

5\. Page 4: 80 K seems a bit high for Al-alloys. Typically 30 K or lower is used to measure Al alloys. This might effect composition and increases pole migration of Si. Please re-check the influence of this.

This point was also raised by the Reviewer 1 and an answer was provided above.

6\. Fig.3: It could be enriched with further information (Tcryo, D, ...)

The temperatures were added to the Figure. Regarding the other information; they are actually not quantified, as the diffusion coefficients calculated only provide values to compare the two cases, but do not actually allow quantifying an affected distance.
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Dear Dr Lilensten,

Thank you for submitting your manuscript to PLOS ONE. I have completed the review of your manuscript and a summary is appended below. The reviewers recommend reconsideration of your paper following Minor Revision. I invite you to resubmit your manuscript after addressing all reviewer comments.

Reviewer \#1

The authors have addressed the raised points, besides some minor points, to satisfaction of the reviewer.

Minor points:

\- Something went wrong in labeling the poles, please check and correct Figure 1 b) and Figure 2 b).

\- There is a display error in the bibliography, reference \[25\]. \"\$\\\\ensuremath\\\\Sigma5\$\"

Reviewer \#2

The authors have addressed my points and the paper can be published after minor correction.

I am not fully convinced by Fig. 1. For me the difference between 1b and 1c is not totally clear. This could also be the same orientation. Maybe the authors can add a comment.

We would appreciate receiving your revised manuscript by Apr 25 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Hamid Reza Bakhsheshi-Rad

Academic Editor

PLOS ONE
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The authors have addressed the raised points, besides some minor points, to satisfaction of the reviewer.

Minor points:

\- Something went wrong in labeling the poles, please check and correct Figure 1 b) and Figure 2 b).

\- There is a display error in the bibliography, reference \[25\]. \"\$\\\\ensuremath\\\\Sigma5\$\"

Reviewer \#2: The authors have addressed my points and the paper can be published after minor correction.

I am not fully convinced by Fig. 1. For me the difference between 1b and 1c is not totally clear. This could also be the same orientation. Maybe the authors can add a comment.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Reviewer \#1:

The authors have addressed the raised points, besides some minor points, to satisfaction of the reviewer.

Minor points:

\- Something went wrong in labeling the poles, please check and correct Figure 1 b) and Figure 2 b).

The two figures have been double checked and, indeed, corrected.

\- There is a display error in the bibliography, reference \[25\]. \"\$\\\\ensuremath\\\\Sigma5\$\"

It has been corrected.

Reviewer \#2:

The authors have addressed my points and the paper can be published after minor correction.

I am not fully convinced by Fig. 1. For me the difference between 1b and 1c is not totally clear. This could also be the same orientation. Maybe the authors can add a comment.

The text was modified as follows:

"As highlighted by the red dashed circles, it appears that there is a shift of the position of the main poles in Fig 1b. This is an indication that the upper and lower parts, on either side of the Ga-rich region, have different crystallographic orientation, and this information suggest that the dense Ga region corresponds to a grain boundary."
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Dear Dr. Lilensten,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.
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Dear Dr. Lilensten:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff
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Dr. Hamid Reza Bakhsheshi-Rad

Academic Editor

PLOS ONE
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